The liver is one of the major organs that remove exogenous substances and waste products from the blood circulation. Hepatic macrophages (Kupffer cells) and sinusoidal endothelial cells are responsible for the scavenger function of the liver. The sinusoidal endothelial cells, called scavenger endothelial cells, are believed to take up only soluble substances and nanometer-sized particles under normal conditions, while Kupffer cells can ingest larger particles and whole cells. However, the sinusoidal endothelial cells may have the potential to take up considerably large particles under special conditions. In this morphological study, we compared the uptake ability between sinusoidal endothelial cells and Kupffer cells after intravenous injections of latex beads (20 nm, 100 nm and 500 nm in diameter), bovine serum albumin (BSA) and dextran. Under normal conditions, the sinusoidal endothelial cells vigorously took up 100-nm-sized latex beads as well as 20-nm latex beads. BSA and dextran were ingested by the endothelial cells but not the Kupffer cells. The administration of lipopolysaccharide (LPS), which mimics inflammation, stimulated the uptake by endothelial cells. The uptake of latex beads by Kupffer cells was also elevated under LPS-stimulated conditions, but the uptake of BSA and dextran by them was not. These findings suggest that the sinusoidal endothelial cells can ingest not only soluble substances but also larger particles than those expected, and their uptake ability is strengthened under inflammatory conditions.
Studies of the uptake of exogenous substances have attracted researchers' attention for a long time. Metchnikoff (21) and Aschoff (7) introduced phagocytosis and pinocytosis, respectively, to explain the mechanism of uptake by cells. Palade (25) proposed a concept of transcytosis that is mediated by small pits formed on the cell membrane, and is mainly responsible for the transport of proteins from the blood circulation to tissues via the vascular endothelium. Recent molecular biology studies have revealed that the uptake is mediated by receptor molecules, such as low density lipoprotein (LDL) receptor (5) , clathrin receptor (16) , complement receptor (8) and Fc receptor (27) . It is likely that cells have developed various systems for uptake through evolution, and that these systems differ with respect to the size and biochemical characteristics of the substances, and the origin and location of the cells involved.
The liver is a major organ that removes exogenous and waste substances circulating in the blood. The lungs have powerful clearance functions comparable to those of the liver in some restricted mammals (38, 39) . Although it is generally believed that hepatic macrophages, Kupffer cells, carry out most of the scavenging function in the liver, the sinusoidal endothelial cells also play an important role in
MATERIALS AND METHODS

Administration of exogenous substances and tissue treatment.
Adult male ddY mice (8-weeks old; Japan SLC, Shizuoka) were divided into two groups which were inoculated intraperitoneally with either LPS (3 mg/kg, E. coli 0.55: B5; Difco, Detroit, USA) or the same volume of physiological saline as a control. At 6 h after the administration of LPS or saline, the mice were injected intravenously via the tail vein with one of 20-nm-, 100-nm-or 500-nmsized latex beads (FluoSpheres, red fluorescent 580/605: Molecular Probes, Oregon, USA) (0.25 mL per animal, at a concentration of 1 mg/mL), Texas red-labeled BSA (66,000 in molecular weight: Molecular Probes) (0.25 mL per animal, at a concentration of 1 mg/mL) or Texas red-labeled dextran (10,000 in molecular weight: Molecular Probes) (0.1 mL per animal, at a concentration of 2.5 mg/ mL). At 1 h after the injection of exogenous substances, the mice were deeply anesthetized with an intraperitoneal injection of pentobarbital sodium, and perfused through the aorta with physiological saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. The liver, heart and adrenal gland were removed and immersed in the same fixative overnight. Fixed tissues were dipped in 30% sucrose for 6 h at 4°C, embedded in O.C.T. compound (Sakura Fine Technical, Tokyo), and quickly frozen in liquid nitrogen. Frozen sections, 10 μm in thickness, were prepared in a cryostat and mounted on poly-L-lysine-coated glass slides. The sections were incubated with SYTOX green (1 : 3,000; Molecular probes) for 1 h for counter-staining of nuclei. They were then washed with 0.01 M phosphatebuffered saline (PBS), and sealed with cover glasses by use of a mounting medium (Glycergel; Dako Corporation, Carpenteria, USA) for observation under a confocal laser scanning microscope (Fluoview System; Olympus, Tokyo).
All experiments were performed using protocols following the Guidelines for Animal Experimentation, Graduate School of Medicine, Hokkaido University.
Immunohistochemistry of endothelial cells for
SSeCKS. It is difficult to identify the sinusoidal endothelial cells because they constitute a thin cellular wall. To visualize the sinusoidal endothelial cells, we carried out immunostaining for SSeCKS. Our previous study demonstrated that LPS administration conspicuously induced the expression of SSeCKS mRNA in 1-2 h, and that the expression at hepatic clearance (11) . As the hepatic endothelial cells possess a higher capacity for uptake than endothelial cells in other organs, they are called "scavenger endothelial cells" (33) . The sinusoidal endothelial cells take up only soluble substances and small particles several nanometers in size under normal conditions (34) , while Kupffer cells can remove larger particles and whole cells by phagocytosis (40) . However, the sinusoidal endothelial cells can incorporate particles 800 nm in size in vitro (10) . In addition, in vivo they ingested huge particles larger than one micrometer when Kupffer cells were damaged (31) . These phenomena suggest that the sinusoidal endothelial cells have the potential to take up large particles, and can expand their capacity to eliminate much larger particles under pathological conditions.
The present study using mice morphologically compared the uptake ability between sinusoidal endothelial cells and Kupffer cells in vivo. The uptake of exogenous substances is influenced by the physicochemical properties of substances, such as size, electrical charge and hydrophilicity (35) . In the present study, we used the following different substances for exogenous administration: latex beads (20 nm, 100 nm, and 500 nm in diameter) as nonsoluble tracers, bovine serum albumin (BSA) as a soluble protein, and dextran as a soluble carbohydrate. As mentioned above, the uptake ability dramatically changes according to cell conditions. Therefore, we also examined the changes of uptake by both cell types under inflammatory conditions induced by lipopolysaccharide (LPS).
LPS is a component of the outer wall of Gramnegative bacteria and is recognized by LPS receptors expressed in immune cells of host animals. Macrophages activated by LPS release inflammatory cytokines to stimulate neighboring cells (26) . In cells expressing LPS receptors, LPS activates the production of protein kinase C (PKC) and phosphoinositide 3-kinase (PI3-K), which are involved in remodeling of actin filaments (1). Moreover, LPS stimulation induces the expression of PKC substrates, including myristolated alanine rich C kinase substrate (MARCKS) (3, 4) and src-suppressed C kinase substrate (SSeCKS) (17) in macrophages and vascular endothelial cells, respectively. These substrates are also directly related to actin-based cytoskeletal remodeling, which is required for the internalization of exogenous substances (20, 29) . possessed some vacuoles filled with 100-nm latex beads in the cytoplasm (Fig. 2) . These findings indicate that the sinusoidal endothelial cells directly ingested exogenous substances administered intravenously. The uptake of foreign bodies in the liver was different with respect to the amount of ingested substances and the cell types which mainly ingested them, according to the kinds and sizes of the substances, mentioned below.
Uptake of fluorescent latex microspheres in the liver
Under normal conditions, a small number of 20 nmsized latex beads were taken up equally by the endothelial cells and Kupffer cells (Fig. 3a) . The amount of 20-nm beads taken up by both cell types increased significantly under LPS-stimulated conditions (Fig. 3b) . Middle-sized beads, 100 nm in size, were ingested vigorously by both of endothelial cells and Kupffer cells even under normal conditions (Fig. 3c) . The LPS challenge further elevated the uptake of 100 nm latex beads in Kupffer cells, but did not effectively stimulate the uptake by endothelial cells (Fig. 3d) . The largest latex beads, 500 nm in size, were eliminated exclusively by Kupffer cells in the control (Fig. 3e) . The amount of 500-nm-sized beads ingested by Kupffer cells increased after the LPS administration. Essentially no uptake of 500-nm latex beads by the endothelial cells was found in the control, while under LPSstimulated conditions only a small number of 500-nm latex beads were ingested by some endothethe protein level peaked at 6-12 h after the LPS challenge (17) . Therefore, we used tissue samples obtained 1 h after the injection of exogenous substances following 6-h exposure to LPS. For staining, 10-μm-thick frozen sections prepared as described above were used. They were pretreated with 0.3% Triton X-100/PBS to enhance the penetration of antibodies. After preincubation with a normal goat serum, they were incubated with a rabbit anti-mouse SSeCKS serum (for characterization, see ref. 28) diluted 1 : 3,000 overnight. They were then incubated with FITC-labeled goat anti-rabbit IgG (1 : 100; Jackson ImmunoResearch, West Grove, USA) for 1 h. They were washed, mounted with coverslips, and observed under a confocal laser scanning microscope.
Electron microscopic observation. Animals were injected intravenously with 100-nm latex microspheres (0.25 mL per animal, at a concentration of 1 mg/ mL). One hour later, the animals were deeply anesthetized with an intraperitoneal injection of pentobarbital sodium, and perfused through the aorta with physiological saline, followed by 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The liver was removed, cut into 1-2-mm tissue pieces, and immersed for an additional 4 h in the same fixative. The tissues were postfixed in 1% O S O 4 dissolved in distilled water for 1.5 h, dehydrated in a graded series of ethanol, and embedded in Epon. Ultrathin sections were cut on a ultramicrotome and stained with uranyl acetate and lead citrate for observation under an electron microscope (H7100, Hitachi, Tokyo, Japan).
RESULTS
Two preliminary observations were performed to confirm the uptake of exogenous substances by the hepatic sinusoidal endothelial cells. First, we merged images for the immunolocalization of SSeCKS with those for the uptake of fluorescent BSA. Under normal conditions, no SSeCKS immunoreactivity was detectable in the sinusoidal endothelial cells of the liver, while LPS treatment selectively induced positive immunoreaction in the endothelial cells. Merged images demonstrated that the sites of uptake of BSA in the liver after the LPS challenge largely corresponded to the SSeCKS-expressing endothelial cells (Fig. 1) . Next, the hepatic endothelial cells after the administration of 100-nm latex beads under normal conditions were observed under an electron microscope. It was clearly shown that the endothelial cells patic endothelial cells. After LPS stimulation, the adrenal cortex showed active uptake of latex beads mainly in the zona fasciculata. Sinusoidal endothelial cells in the adrenal cortex were engaged in the uptake, and cortical endocrine cells also contained latex beads scattered in the cytoplasm (Fig. 5) . In the heart, a very small population of vascular endothelial cells ingested 100-nm latex beads only after LPS stimulation (data not shown).
DISCUSSION
Comparison of uptake between endothelial cells and Kupffer cells
Vascular endothelial cells can incorporate small particles and soluble substances by pinocytosis, which is initiated with the formation of bristle-coated pits on the cell membrane (2). It is believed that this internalization has a limitation with respect to the size of particles, for example, it is applicable to 20-50-nm-sized carbon particles or 20-nm latex beads (12) . In the present study, however, the sinusoidal endothelial cells could more vigorously ingest 100-nm-sized latex beads than 20-nm-sized latex beads under normal conditions. Moreover, the endothelial cells under LPS-stimulated conditions could ingest 500-nm-sized latex beads, though the amount ingested was small. Notably, it has been reported lial cells (Fig. 3f) .
Uptake of fluorescent BSA and dextran in the liver
A considerable amount of BSA was ingested only by the sinusoidal endothelial cells but not by Kupffer cells under normal conditions (Fig. 4a) . LPS stimulation increased the uptake of BSA by endothelial cells, while it had no effect on the uptake by Kupffer cells (Fig. 4b) .
A large amount of fluorescent dextran was ingested by the endothelial cells even under normal conditions (Fig. 4c) . In addition, dextran accumulated in the cytoplasm of all hepatocytes, where it gathered around bile capillaries. The uptake of dextran by Kupffer cells was much lower than that by the endothelial cells and hepatocytes. Under LPS-stimulated conditions, the uptake of dextran by endothelial cells and hepatocytes appeared to further increase, while the uptake by Kupffer cells was unchanged (Fig. 4d) .
Uptake in organs other than the liver
When we preliminarily examined the uptake of 100-nm latex beads in organs other than the liver, significant uptake after the LPS stimulation was recognized in the adrenal cortex and heart, the former being predominant. Under normal conditions, latex beads 100 nm in size were ingested only by the he- . LPS stimulation elevated the uptake of 20-nm latex beads in both cell types (3b). Medium-sized 100-nm latex beads were vigorously ingested by the endothelial cells even in the control (3c). LPS stimulated the elimination of 100-nm beads by Kupffer cells (3d) but had no significant effect on the uptake by endothelial cells. The largest beads, 500 nm in diameter, were captured only by Kupffer cells (3e), while the endothelial cells took up only a small amount of 500-nm latex beads after the LPS stimulation (3f). Bars = 20 µm that pulmonary endothelial cells in guinea pigs removed denatured erythrocytes from the blood circulation (36) . It is necessary to revise the previous idea that the vascular endothelial cells take up only very small (nm) particles such as colloidal gold (34) .
The currently available data indicate that the sinusoidal endothelial cells in the murine liver possess a maximum capacity of uptake for particles about 100 nm in size, but have lower capacity for the uptake of particles around 500 nm in diameter. In con- Fig. 4 Uptake of BSA and dextran in the liver under control (left column) and LPS-stimulated conditions (right column). A small amount of BSA was taken up only by the endothelial cells, but not by Kupffer cells in the control (4a). LPS treatment conspicuously elevated the uptake of BSA by the endothelial cells (4b). A large amount of dextran was ingested by the endothelial cells in the control (4c). Hepatocytes also contained dextran, which gathered in the cytoplasm around bile capillaries. The uptake by the endothelial cells and hepatocytes was stimulated by LPS administration (4d), while the uptake of dextran by Kupffer cells was unchanged after the LPS challenge (4d). Bars = 20 µm Fig. 5 Expression of SSeCKS and uptake of 100-nm latex beads in the adrenal cortex. A section obtained from an LPSstimulated mouse 1 h after intravenous injection of latex beads was stained immunohistochemically for SSeCKS. The merged image shows the expression of SSeCKS (green) and the localization of ingested latex beads (red). The uptake of 100-nm latex beads in the adrenal cortex was seen in the sinusoidal endothelial cells (arrowheads) of the zona fasciculata, and also in the cytoplasm of endocrine cells. Bar = 20 µm
Stimulation of uptake by LPS
The internalization of substances by cells requires dynamic changes of the membrane-associated cytoskeleton (6) . The phagocytotic process in macrophages is known to depend on the re-arrangement of the actin-based cytoskeleton (20) . Accumulating data indicates that PKC and PI3-K activate the re-arrangement of actin filaments in the receptor-mediated phagocytosis in macrophages (19, 23) . LPS induced the expression of not only PKC but also PKC substrates such as MARCKS in macrophages (3, 4, 41) . It is likely that under LPS-stimulated conditions, the re-arrangement of actin filaments is accelerated by these signal molecules and PKC substrates, resulting in the increased capacity of uptake in Kupffer cells.
A similar phenomenon may occur in the endothelial cells after LPS administration, resulting in the stimulation of the uptake. As confirmed in the present study, LPS stimulation induced the expression of SSeCKS, a PKC substrate, in the sinusoidal endothelial cells (17) . It has been suggested that SSeCKS elevates the uptake ability of endothelial cells via re-construction of the actin-based cytoskeleton in vitro and in vivo (17, 28) . The present study revealed that under the LPS-stimulated conditions, the uptake ability of endothelial cells increased for 20-nm-and 100-nm-sized latex beads, and for BSA. This elevated ability of uptake in the endothelial cells may play an important role in the immune system, since caveolae-mediated transcytosis in the endothelial cells can transport not only soluble substances but also virus particles and bacteria which invade the blood circulation of host animals (22, 30) . These findings indicate the possibility that the uptake ability of scavenger endothelial cells for exogenous substances may increase under inflammatory conditions.
In addition to the uptake in the liver, uptake of 100-nm latex beads by endothelial cells was observed in the adrenal cortex, and weak uptake was observed in the heart. The specificity of these organs may be explained partially by the fact that LPS stimulation selectively induced SSeCKS expression in the endothelial cells of several organs, including the liver, adrenal cortex, heart, lung, spleen and brain (17) . These endothelial cells, together with reticular cells of lymphoid organs, are members of the reticulo-endothelial system (RES), as proposed by Aschoff (7) . Since Aschoff's proposal, many experiments have provided evidence of the clearance function of RES cells, but after the demonstration of strong scavenger functions of the mononuclear phagocyte system (MPS) by van Furth et al. (37) , trast, the capacity of Kupffer cells to ingest the larger particles is not decreased even when the particle diameter increases much more (24, 28) , possibly up to the sizes of cells.
Soluble substances, such as BSA and dextran, were removed mainly by the endothelial cells in the liver. Although Kupffer cells contained a small amount of dextran under normal conditions, the uptake by Kupffer cells was much lower than that by the endothelial cells. This finding agrees with the preferential uptake of lithium carmine by the sinusoidal endothelial cells in the rat liver (15). Why do the endothelial cells show such a high capacity of uptake toward the soluble substances? Since the endothelial cells are responsible for the active transport of proteins from the blood to cells (14, 32) , they must be equipped with a developed pinocytosis system specialized for soluble substances. As compared with Kupffer cells, the sinusoidal endothelial cells constitute a huge cell population exposed to the blood circulation in the liver. Therefore, the endothelial cell population may be more powerful and essential than Kupffer cells for the removal of soluble materials and small particulates in the blood.
The uptake of BSA by the sinusoidal endothelial cells was lower than that of dextran and 100-nm latex beads under normal conditions. This low activity of uptake of BSA may be caused by the electrical charge on albumin. The luminal surface of endothelial cells develops anti-coagulant systems which are rich in proteoglycans, and becomes anionic under certain conditions (13) . Because of the negative charge of BSA, the binding of BSA to the endothelial surface and the subsequent uptake should be diminished. The receptor-mediated transcytosis of albumin occurs in limited areas separate from the anionic sites on the endothelium (14) . On the other hand, the pinocytosis of dextran and latex beads with neutral charge is not affected by the charge barrier, and occurs on the entire cell membrane (29) , in contrast to the limited transcytosis of BSA.
Phagocytosis is unique to Kupffer cells, whereas pinocytosis occurs in Kupffer cells, endothelial cells and other cells (9) . In the present study, we confirmed the uptake of dextran by both Kupffer cells and endothelial cells. Another characteristic of the uptake of dextran in the liver was the accumulation of dextran in the cytoplasm of hepatocytes. The accumulation of dextran around bile capillaries indicates the release of dextran into the capillary lumen. Dextran is known to be incorporated by hepatocytes via pinocytosis and to be secreted into the bile ducts (18) . the monocyte-macrophage lineage was believed to be the major cell type functioning in the elimination of exogenous substances. However, the present study and other morphological studies (15, 28, 33, 36) have demonstrated more active uptake of intravenously administered substances by some RES members than by MPS, suggesting that the old concept of RES should be re-evaluated.
